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, p = 0.006). Insulin-induced vasodilatation was blunted in obese subjects (percent increase in forearm blood flow (FBF) in lean 66.5 ± 23.0 %, vs. 10.1 ± 11.3 % in obese, p = 0.04), but did not improve during troglitazone. Vascular responses to acetylcholine, sodium nitroprusside and L-NMMA did not differ between the obese and lean group, nor between both treatment periods in the obese individuals.
In conclusion, in insulin resistant obese subjects, endothelial vascular function is normal despite impaired vasodilator responses to insulin. Troglitazone improved insulin sensitivity but it had no effects on endothelium-dependent and -independent vascular responses. These data do not support an association between insulin resistance and endothelial function.
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reflect endothelial dysfunction. Indeed, in NIDDM [10, 11] and hypertension [12] , an impaired endothelial function has been reported. These findings appear to imply that insulin resistance may be linked to endothelial dysfunction as either a cause or as a consequence [5] . Recent reports indeed claim a reduced vasodilator response to metacholine and not to sodium nitroprusside in insulin resistant obese individuals indicating a specific defect in endothelial-dependent vasodilatation [13] .
Troglitazone is a recently developed compound, capable of improving insulin sensitivity [14±17] . If insulin resistance were coupled to endothelial function, improvement of insulin sensitivity would then possibly also improve endothelial function and hence vasodilator responses to insulin in insulin resistant states. To test this hypothesis, we performed a randomised, placebo-controlled, double-blind crossover trial with troglitazone in obese individuals characterised by insulin resistance.
Subjects and methods
Subjects. The study group consisted of 15 obese, healthy volunteers. All met the inclusion criteria: age between 25 and 50 years, non-smoking, absence of hypertension (office blood pressure < 140/90 mmHg, measured after 5 min rest in the supine position with mercury sphygmomanometer), body mass index between 27 and 36 kg × m
±2
. Participants used no medication; two women used oral contraceptives. Further history, physical examination and laboratory results showed no evidence of disease. All subjects had normal fasting glucose concentrations, normal HbA 1 c concentrations and a stable weight. Baseline data obtained during the use of placebo (which was known after the completion of the trial) were compared with those obtained in a group of 13 age-and sex-matched lean individuals. Study participants were selected by advertisement and received a payment. All gave written informed consent. The experimental protocol was approved by the hospital ethics committee.
Vascular responses to acetylcholine/nitroprusside and N Gmonomethyl-L-arginine (L-NMMA) were assessed in 13 obese subjects. Two underwent only euglycaemic clamps. One of the obese subjects underwent minor surgery during the second part of the trial which was followed by complications and a subsequent weight loss of 6.4 kg. This subject was excluded from the troglitazone portion of the study. Later it turned out that this individual had used placebo during the first part. Therefore, these data were included for comparison with the lean group.
Protocol. After inclusion in the study, obese subjects received either 2 tablets of 200 mg of troglitazone once a day with or after breakfast or placebo for 8 weeks in a randomised, doubleblind, crossover design. The subjects, pharmacists and investigators were not aware of the treatment code which was broken only after completion of all analyses. Participants were strictly advised to maintain their weight. At the end of the two treatment periods 24-h ambulatory blood pressure monitoring (Profilomat, Disetronic Medical Systems, Burgdorf, Switserland, measurements every 15 min during day, every 30 min during night) was performed, followed 2 days later by an intra-arterial test with administration of vaso-active drugs into the brachial artery in combination with the euglycaemic hyperinsulinaemic clamp technique (see below). In addition, body weight, waist-hip measurements, ECG, fat skinfold thickness, possible side-effects, and serum safety chemical and haematological profiles were determined. Between both treatment periods there was a two week wash-out period. Compliance was monitored by pill counts and diary records. Lean control subjects underwent the investigational protocol once, a few days after baseline investigations.
Experimental procedures. Intra-arterial experiments were performed after an overnight fast, with the subjects in supine position in a quiet, temperature-controlled room (23°±24°C). A 20-gauge catheter (Angiocath, Becton Dickinson, Sandy, Utah, USA) was inserted into the left brachial artery (local anaesthesia with 0.3±0.4 ml lidocaine HCl 20 mg × ml ±1 ), and connected with an arterial pressure monitoring line to a Hewlett Packard 78353B Monitor. In the ipsilateral arm a catheter (Venflon, BOC Ohmeda AB, Helsingborg, Sweden. 20 G, 32 mm) was inserted retrogradely into a deep forearm vein to obtain venous blood samples. On the contralateral side an identical catheter was inserted into a large forearm vein for infusion of insulin and glucose 20 %.
Forearm blood flow (FBF) was measured in both arms simultaneously using mercury-in-silastic strain gauge, venous occlusion plethysmography as previously described [18] . One minute before the start of the measurements, a wrist cuff was inflated to 100 mmHg above systolic blood pressure. The collecting cuff around the upper arm was inflated to a pressure of 40 mmHg during 8 heart cycles using a Hokanson E20 rapid cuff inflator. The strain gauges were connected with the Hokanson EC4 plethysmographs (D. E. Hokanson Inc, Bellevue, Wash., USA). Forearm volume was measured with the water displacement method, and all drugs were dosed per 100 ml forearm tissue (infusion rate 100 ml × dl ±1 × min
±1
). For the calculation of net uptake or release of glucose and potassium, arterial and venous blood was sampled simultaneously at relevant time points (see calculations). Venous blood was sampled with inflated wrist cuffs.
Measurements. A schedule of the protocol is shown in Figure 1 . After complete instrumentation, 30 min of rest were included, after which baseline measurements were performed. Subsequently, three doses of acetylcholine (0. ), for 120 min. Insulin 50 U´ml ±1 was diluted in 47.5 ml 0.9 % NaCl with the addition of 2 ml human albumin 20 % (Central Laboratory of Bloodtransfusion, Amsterdam, The Netherlands) to a concentration of 1 U × ml ±1 . Euglycaemia was maintained by a variable infusion of glucose 20 % solution, adjusted by arterial glucose measurements at 7 min intervals. Arterial blood glucose concentrations of all participants were clamped at fasting level minus 0.2±0.5. When subjects underwent the second clamp procedure, the glucose clamp level was chosen identical to that of the first clamp.
Finally, to evaluate the contribution of endothelial NO release to the prevailing blood flow during hyperinsulinaemia [8, 9] , three intra-arterial doses of the specific NO synthase in-
, dry powder, diluted with normal saline) were administered for 5 min each, with measurements for the last 2 min. During L-NMMA, insulin (and glucose) infusion were continued. After the experiment, the glucose infusion was continued for a while and the participants were served a carbohydrate-rich meal in order to avoid post-test hypoglycaemic events.
Analytical methods. Plasma glucose was measured by the glucose oxidation method (Beckman Glucose Analyzer 2, Beckman Instruments Inc, Fullerton, Calif., USA). Plasma insulin was measured with a double antibody radioimmunoassay (Inter-assay coefficient of variation (CV) 6.2 %). Non-esterified fatty acids (NEFA) were analysed with an enzymatic method (ACS-ACOD, NEFA C-kit, Waco Chemicals GmbH Neuss, Germany). Triglycerides (TG,Triglycerides GPO-PAP method), cholesterol (Cholesterin CHOD ± PAP method) and HDL-cholesterol (after addition of cholesterin precipitation reagens) were all determined on a Hitachi 747 auto-analyser (Boehringer Mannheim, Germany). Blood samples for measurement of plasma norepinephrine were collected in prechilled tubes on melting ice, containing glutathione (0.2 mol/l) and EGTA (0.25 mol/l), and centrifuged at 4°C. Norepinephrine concentration was determined by high performance liquid chromatography (HPLC) with fluorometric detection [19] .
Calculations and data analysis. Assuming that whole blood glucose = (1±0.3´haematocrit)´plasma blood glucose [20] , glucose uptake was calculated as:
Coefficients of plasma glucose variation during the last 30 min of the clamp were 3.1 ± 04 % in obese and 4.4 ± 0.7 % in lean subjects. Whole-body glucose uptake was defined as the glucose infusion rate during the last 30 min of the clamp and expressed in mmol × kg ±1 × min ±1 [21] . Statistical analyses were only performed after prior verification of appropriateness by exclusion of period or sequence effects [22] . Comparison of whole-body and forearm glucose uptake, metabolic data, blood pressure measurements and effects of insulin on FBF was performed with paired t tests. Comparison between the two groups was performed using unpaired t tests.
Before each set of drug infusions, baseline FBF measurements were obtained. The effects of vaso-active drugs on blood flow in the experimental arm were evaluated by comparing the dose-blood flow response curves. Although baseline FBF was not significantly different between both groups, FBF tended to be higher in the obese group. To compensate for these possible differences in baseline flow, responses to drugs were also expressed as percentage increase above baseline [23] . Differences were statistically tested with the use of repeated measures analysis of variance (ANOVA).
To avoid interference with the previously administered vasodilator drugs in the experimental arm (see Fig. 1 , schedule of the protocol), changes in FBF in the control arm were used for statistical evaluation of the effect of insulin on blood flow. The final two FBF measurements in the control side during sodium nitroprusside (SNP) (just before the start of insulin) were compared with the final two FBF measurements in the control side during L-NMMA (after 115 min insulin administration).
Effects of insulin on blood pressure and heart rate were evaluated using repeated measures ANOVA, with insulin as independent factor and data on the relevant time points as dependent variables. 24-h ambulatory blood pressure measurements were averaged to hourly values. Only data in which two sets were available from each subject were used for further analyses. One mean value was then calculated for the whole 24 h period (between 09.00 h and 07.00 h the next morning). Correlations were evaluated with Spearman's rank correlation coefficients. All statistical analyses were performed using the SPSS personal computer software package SPSS Inc, Gorinchem, The Netherlands. Results in tables and figures are expressed as mean ± SEM, unless otherwise indicated. Significance was set at a p value of less than 0.05. NS indicates not significant.
Results
Characteristics of the two groups are shown in Table 1. They were properly matched for age and sex. There was a clear difference with respect to weight, fat percentage and waist/hip ratio. Although all individuals were normotensive, mean office diastolic blood pressure was higher in the obese group. Mean plasma triglycerides (TG) and NEFA levels were higher, and HDL-cholesterol levels lower in the obese group.
Vascular responses to vaso-active drugs. Acetylcholine induced a dose-dependent increase in FBF in the experimental arm. The absolute or relative vascular responses were not different between lean and obese, nor were they affected by troglitazone (Fig. 2,  upper panel) . FBF in the control arm did not change. After 30 min FBF was back to baseline values.
Infusion of sodium nitroprusside induced a dosedependent increase in FBF in the experimental arm. Troglitazone did not affect the absolute or relative vascular responses to nitroprusside (Fig. 2, lower panel) . FBF in the control arm did not change. Similar results were obtained when data were expressed in forearm vascular resistance (FVR) or in ratio FBF experimental arm /FBF control arm .
Effect of troglitazone on metabolic parameters. Troglitazone was well tolerated, drug compliance was more than 95 %. Eight subjects used troglitazone first, while seven used placebo. There were no sequence or period effects during the trial; mean weight change, fasting plasma glucose/insulin, lipid levels, insulin sensitivity and blood pressure were comparable during the first and second period of the trial. Metabolic response to euglycaemic hyperinsulinaemic clamping. Blood glucose values during the clamp procedure were similar in all experimental groups. In one obese subject near syncope occurred during one of the two clamps (troglitazone), but her data were included in further analyses.
Steady state plasma insulin concentrations during the clamp were in lean subjects 587 ± 22 pmol × l ±1 , in obese subjects 692 ± 17 pmol × l ±1 (placebo, p < 0.01 vs. lean), and 694 ± 24 pmol × l ±1 (troglitazone, p = NS vs. placebo). Obese subjects were clearly insulin resistant as compared with lean subjects; mean whole-body glucose uptake was 26.8 ± 3.0 (range 11.9±46.1), compared to 53.9 ± 4.3 (range 32.7±92.2) mmol × kg ±1 × min ±1 in lean subjects (p < 0.001). During troglitazone, insulin sensitivity improved (wholebody glucose uptake to 31.9 ± 3.3 mmol × kg ±1 × min ±1 , p = 0.028). Mean percentage increase in whole-body glucose uptake was 23.1 ± 10.5 % (p = 0.047). Individual responses are shown in Figure 3 .
Forearm glucose uptake under fasting conditions was 0.88 ± 0.20 in obese compared to 0.48 ± 0.10 mmol × dl ±1 × min ±1 in lean subjects, p = NS. Insulin induced an obvious increase in forearm glucose uptake in both groups, but the increase was larger in the lean group: 1.03 ± 0.45 in obese subjects com- Haemodynamic parameters. Baseline FBF, systolic and diastolic (intra-arterially measured) blood pressure were not affected by troglitazone treatment. Heart rate increased significantly by 8.3 ± 2.7 % (p = 0.016), see Table 2 . Mean ambulatory 24-h diastolic blood pressure decreased during treatment with troglitazone, mean ambulatory 24-h systolic blood pressure did not change (Table 2) .
Cardiovascular effects of insulin. Insulin infusion increased systolic but not diastolic blood pressure in both groups. As a result, pulse pressure increased significantly (Table 3) . Insulin infusion increased heart rate in both groups. Responses in blood pressure and heart rate to insulin were not different between the two groups and were not influenced by troglitazone.
Baseline arterial plasma norepinephrine (NE) concentrations were similar in obese and lean subjects. Insulin infusion significantly increased arterial NE concentrations in both groups (percent increase in lean subjects 31.7 ± 9.6 %, in obese subjects 33.4 ± 7.6 %, p = NS). Treatment with troglitazone did not change baseline arterial NE concentration nor the insulin-induced absolute or percentual increase in NE (all p = NS vs. placebo) ( Table 3) .
Intravenous insulin infusion induced a gradual increase in FBF in the control arm (as well as in the experimental arm, but these changes were not used for analyses). Figure 4 shows individual vasodilator responses. Mean FBF in the control arm increased from 1.33 ± 0.14 to 2.15 ± 0.32 ml × dl ±1 × min ±1 (p = 0.014 vs baseline) in the lean group, percentage increase 66.5 ± 23.0 %. Insulin-induced vasodilatation was blunted in the obese group; FBF in the control arm from 1.87 ± 0.22 to 1.95 ± 0.19 ml × dl ±1 × min ±1 (p = NS vs. baseline), percentage increase in FBF 10.1 ± 11.3 % (p = 0.04 vs. lean group). The lack of effect of insulin on vascular tone in the obese subjects was not reversed by troglitazone (percentage increase in FBF during troglitazone 2.2 ± 4.9 %, p = NS vs. placebo). Identical changes occurred when FVR instead of FBF was used for analyses.
Response to L-NMMA during hyperinsulinaemia. L-NMMA infusion during systemic hyperinsulinaemia induced a dose-dependent vasoconstrictor response in the experimental arm in both groups. Due to the previous insulin effect in the lean group, FBF just before L-NMMA in the experimental arm was almost identical in both groups. Responses in the obese group were not different from those in lean subjects and were not affected by troglitazone. (Fig. 5) . FBF in the control arm was not affected by L-NMMA infusion. During infusion of acetylcholine, nitroprusside and L-NMMA infusions, intra-arterial blood pressure remained stable throughout (data not shown). Correlations among metabolic parameters and vascular responses. In the combined group of lean and obese individuals, the correlation between the change in blood flow (%) during insulin and insulininduced whole body glucose uptake was r = 0.39 (p = 0.056); between insulin-induced whole body glucose uptake and insulin-induced forearm glucose uptake r = 0.65 (p < 0.001), and between the change in blood flow (%) during insulin and insulin-induced forearm glucose uptake r = 0.22 (p = NS). No significant correlation was observed between vascular responses to acetylcholine and insulin sensitivity (r = 0.20, p = NS).
Discussion
The major observation of the present study is that obese subjects, despite the presence of a decreased insulin-induced glucose uptake (insulin resistance) and a decreased vasodilator response to insulin, show normal vascular responses to acetylcholine, sodium nitroprusside and L-NMMA. As such we found no evidence for endothelial dysfunction related to obesity/insulin resistance. This is confirmed by the observation that troglitazone did not affect vascular reactivity, whereas it significantly improved insulin sensitivity (whole-body as well as skeletal muscle glucose uptake increased).
Insulin-induced vasodilatation. Several investigators have reported that insulin induces vasodilatation in skeletal muscle [2±4] , an effect that is impaired under conditions of insulin resistance [3, 6, 7, 24] . In this study we confirm that insulin resistant obese subjects have blunted vasodilator responses to insulin [6] . In one study, insulin treatment in NIDDM patients in poor metabolic control improved insulin sensitivity as well as vasodilator responses to insulin [25] . This suggests that the vascular defect may be reversed by improvement of insulin resistance. In our study, however, we were not able to show any beneficial effect of troglitazone on insulin-induced increase in forearm blood flow despite a moderate improvement of insulin sensitivity. Given the relatively moderate effect of troglitazone, perhaps it may be unreasonable to expect a major increase in insulin-mediated vasodilatation, for, even during troglitazone treatment, insulin sensitivity was still considerably diminished in obese subjects compared with lean subjects. Therefore we cannot exclude that a pronounced increase in insulin sensitivity might result in greater insulinmediated vasodilatation. Currently however, there is no pharmacological therapy available that can achieve this target.
The lack of insulin-induced vasodilatation in our obese group cannot be based on structural changes in vascular function as suggested before [26] , because responses to endothelium-dependent as well as independent vasodilators were absolutely similar with those in the lean group.
In this study we were not able to construct a full dose response curve of the effect of insulin on blood flow, although at the (high physiological) insulin concentrations obtained during the clamp, the discrimination between lean and obese subjects is expected to be most pronounced [6] .
Endothelial function and insulin resistance. Two groups of investigators have reported that the vasodilator action of insulin can be blocked by the inhibitor of nitric oxide synthase L-NMMA, thus suggesting an endothelium-dependent mechanism of action [8, 9] . Therefore, a diminished vasodilator response to insulin might reflect a disturbed function of the endothelium [5] . In keeping with this, a significant correlation between the response to L-NMMA (but not to acetylcholine) and insulin sensitivity was reported in normal subjects [27] . However, in this study we were not able to confirm this finding. We found no positive correlation between vascular responses to acetylcholine or L-NMMA (in contrast to the study of Petrie et al.) given during hyperinsulinaemia and insulin sensitivity, despite an even wider range in insulin sensitivity when lean and obese groups were combined. Also others found no such correlation in normal subjects [28] and in patients with essential hypertension [29] . Steinberg et al. described attenuated vasodilator responses to metacholine in insulin-resistant obese subjects [13] . Responses to the endothelium-depen- dent vasodilator acetylcholine and to the NO-inhibitor L-NMMA in our study, however, were absolutely similar between obese and lean subjects, despite large differences in insulin sensitivity between both groups. The number of subjects in our study was larger than in Steinberg's study. The study of Steinberg and ours show small, but probably relevant differences. Their study population (although strictly speaking normotensive), had higher blood pressure values (mean arterial pressure (MAP) » 100 mmHg) than ours (MAP » 92.5 mmHg), possibly explaining part of the observed differences [12] . The vascular beds in which the investigations were performed were different. Steinberg et al. used metacholine instead of acetylcholine as endothelial-dependent vasodilator, which may not be purely nitric oxide dependent [30] . In contrast with the above mentioned studies, but in complete agreement with ours, are a number of recent reports indicating the absence of an association between insulin sensitivity and endothelial function in normal subjects [28] , IDDM patients [31] and patients with essential hypertension [29] . Recently, in uncomplicated NIDDM, no correlation was observed between an index of in vivo NO generation and insulin sensitivity [32] . Furthermore, hypercholesterolaemia, a disorder that is firmly associated with disturbed endothelial function [33] , is characterised by a normal insulin sensitivity [34] . Further studies will be required to gain more insight into this controversial area.
The absence of a specific defect in vascular endothelial function in obese, insulin-resistant subjects, despite a diminished insulin-induced vasodilatation, suggests that alternative mechanisms may be responsible for insulin-mediated vasodilatation. Recently, the role of ATP-dependent potassium channels [35] and Na + -K + -ATPase [36] has been reported as alternative mechanisms for insulin-induced vasodilatation, although these do not rule out possible involvement of the vascular endothelium.
Troglitazone and insulin resistance. In this study, obesity represents a situation of ªpureº insulin resistance, with the advantage that changes in insulin sensitivity are not confounded by changes in blood glucose concentrations (ªglucose toxicityº) [37] . Obese subjects in our group exhibited well known features of the insulin resistance syndrome [38] , with insulin sensitivity clearly different from lean subjects. Eight weeks of treatment with Troglitazone improved total-body as well as forearm insulin-mediated glucose uptake and tended to lower fasting insulin concentration. The increase in forearm glucose uptake appeared considerably higher than the increase in whole body glucose uptake, perhaps reflecting a specific beneficial drug effect on skeletal muscle glucose uptake. Furthermore, ambulatory diastolic blood pressure decreased slightly, and elevated NEFA levels showed a tendency to improve. These treatment results of troglitazone are consistent with earlier studies in humans [15±17] . However the changes under these strictly double-blind placebo-controlled conditions were modest and largely variable between individuals. A considerable difference from lean control subjects remained. In a recent study, evaluating the effects of troglitazone monotherapy on insulin resistance in NIDDM patients, a dose of 400 mg troglitazone showed a maximum beneficial effect on glucose disposal [17] . This suggests that the dose in our study was high enough. Although our study duration may have been relatively short to exhibit a full effect, significant effects of the drug on metabolic parameters have been reported after 4±8 weeks [39] . The reported maximum increase in insulin-mediated glucose uptake was approximately 30 % [16] . These data indicate that the true effect of troglitazone may be limited under the conditions of obesity/insulin resistance.
In conclusion, we report that insulin resistant, obese, normotensive individuals show a blunted vasodilator response to insulin despite preserved endothelium-dependent and -independent vascular responses. As such, these findings do not support an association between insulin resistance and endothelial function. Troglitazone improves metabolic parameters related to insulin sensitivity, but it does not change the effect of insulin on vascular tone nor on endothelial function.
